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We discuss some possible signals of CPT violation in the B a system that may be probed at the 
Large Hadron Collider (LHC). We show how one can construct combinations of observables coming 
from tagged and untagged decay rates of B 3 D^K^ that can unambiguously differentiate between 
CPT violating and CPT conserving new physics (NP) models contributing in B° — B® mixing. We 
choose this particular mode as an illustrative example for two reasons: (i) In the Standard Model, 
there is only one decay amplitude, so it is easier to untangle any new physics; (ii) B s being a neutral 
meson, it is possible to unambiguously identify any sign of CPT violation that occurs only in mixing 
but not in decay. We define an observable which is useful to extract the CPT violating parameter 
in B s decay, and also discuss how far the results are applicable even if CPT violation is present in 
' . both mixing and decay. 
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I. INTRODUCTION 

The combined discrete symmetry CPT, taken in any order, is an exact symmetry of any axiomatic quantum 
field theory (QFT). CPT conservation is indeed supported by the experiments; all tests for CPT violation (CPTV) 
that have been done so far [jij have yielded null results, consistent with no CPTV, and very stringent limits on 
CPTV parameters have been obtained Q in different systems. The only possible exception is the apparent mass 
difference between the top quark and its antiparticle as obtained by the CDF collaboration in Fermilab 

m t -mi= -3.3 ± 1.7 GeV, (1) 

but other experiments got results which are consistent with zero, and so is the world average Q|: 

m t - m - t = [-0.44 ± 0.46 (stat.) ± 0.27 (syst.)] GeV . (2) 

What, then, should be the motivation to investigate the possibility of CPTV particularly in the B system? There 
are three main reasons: 



• Any symmetry which is supposed to be exact ought to be questioned. We may get a surprise, just like the 
discovery of CP violation. CPTV may very well be flavor-sensitive, and so the constraints obtained from 
the K system [5] may not be applicable to the B systems. There is still the possibility of a sizable CPTV 
in the B systems. If there is some tension between the data and the Standard Model (SM) expectations, 
we should ask whether this is due to CPTV, or a more canonical CPT conserving new physics (NP). 

• For the bound systems like mesons, asymptotic states, whose existence is a prerequisite for the CPT theorem, 
are not uniquely defined [6j. Quarks and gluons are bound inside the hadrons and cannot be considered, in 
a true sense, asymptotic states. 
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• Some nonlocal and nonrenormalizable string-theoretic effects may appear at the Planck scale with a pos- 
sible ramification at the weak scale through the effective Hamiltonian Q. CPTV through such non-local 
interacting QFT does not necessarily lead to the violation of Lorentz symmetry Q . 

Recently the issue of CPTV has received more attention due to the growing phenomenological importance 
of CPT violating scenarios in neutrino physics and in cosmology 9]. It is also necessary to find some observables 
that will clearly discriminate CPT violating signals from CPT conserving ones. A comprehensive study of CPTV 
in the neutral K meson system, with a formulation that is closely analogous to that in the B system, may be 
found in flo| . 

CPTV in the B systems, and its possible signatures, have been already investigated by several authors 
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12j. It was shown that the lifetime difference of the two mass eigenstates, or the direct CP asymmetries and 
semileptonic observables, may be affected by such new physics. The experimental limits are set by both BaBar, 
who looked for diurnal variations of CP-violating observables 



13], and Belle, who looked for lifetime difference 



of Bd mass eigenstates 1J] . This makes it worthwhile to look for possible CPTV effects in the B s system (by B s 



we generically mean both B® and B® mesons). 

In this paper, we would like to investigate the signatures of CPT violation in the B s system, both in 
B® — B Q S mixing and in B s decays. As an illustrative example, we consider the nonleptonic B®(B®) — > D+K~ 
and B®(B®) — > D~K + decays. The decays are mediated by color-allowed tree-level transitions b — > ucs and 
b —> cus. These are single-amplitude processes in the SM, so that any non-trivial contribution beyond the SM 
expectations, like direct CP asymmetry, is a clear signal of NP. This set of channels is also of interest as in the 
SM, both the amplitudes are of same order, C(A 3 ) in the standard Wolfenstein parametrization of the CKM 
matrix (so that the event rates are comparable), and same final states can be reached both from B® and B® . The 



importance of such modes to unveil any NP has already been emphasized; e.g., see |15l4l8j . The decay was first 



observed by the CDF and the Belle collaborations 0, 0] , and recently the LHCb collaboration has measured 
the branching ratio to be [il| 

Br^ -> DfK*) = (1.90 ±0.23) x 1CT 4 (3) 

where the errors have been added in quadrature. We also note that flavor-specific NP in these channels is relatively 
unconstrained 21 



Here we do a more general analysis considering both the CPT violating and CPT conserving NP contributions 
to B® — B® mixing. We show how one can construct combinations of observables coming from tagged and untagged 
decay rates that can unambiguously differentiate between CPT violating and CPT conserving NP models. On 
the other hand, if there is some CPTV contribution only to B s decays, it might be difficult to differentiate it 
from CPT conserving NP in this approach. We define an observable which is useful to extract the CPT violating 
parameter in decay. 

We will consider both these cases separately: first, when CPTV (or CPT conserving NP) is present only in 
the operators responsible for decay but not in those responsible for the mixing; and second, when the same is 
present also in the B® — B® mixing amplitude. As we will show explicitly, the extraction of CPTV in mixing is 
independent of the CPTV in decay and any other CPT conserving NP either in decay or mixing. 

The first possibility of NP (including CPT violation) only in decay can arise if the NP operators are strongly 
flavor-dependent, like those in R-parity violating supersymmetry, or leptoquark models. As we are considering 
final states that can be accessed both from B® and B®, any such NP will necessarily contribute in B° B — B a s 
mixing, in particular to its absorptive part, and will change the decay width difference Ar s . Apart from the 
short-distance contributions to the absorptive part, there can be non-negligible long-distance effects too, coming 
from mesonic intermediate states (23| . However, the accuracy of the present data on Ar s , the lifetime difference 



of two B s mass eigenstates, is relatively weak. The most accurate result comes from the LHCb collaboration 24 1 



AP s /r s = 0.176 ± 0.028. Even the SM prediction 25] has a large uncertainty. Thus, as a first approximation, 



one can consider such NP effects only in decay and not in mixing, where it is in all probability subleading. 
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For the second case, one can construct several observables from the time-dependent tagged and untagged 
decay rates, and some of them are identically zero if there is no CPTV in mixing, irrespective of whether there 
is any CPTV in decay, or some CPT conserving NP. 

The Belle Collaboration |14| places limits on the CPTV parameters in mixing, but no such limits exist for 
CPTV in decay. Also, the Belle limits are valid for the Bd system, but one can expect similar numbers for the B s 
system too, even if CPTV is flavor-dependent. Like the experimental tests on CP-violation, various independent 
cross-checks on CPTV are also essential. Needless to say, one can play the same game with decays like B s — > D°(j> 
and B s — > D a cj), and can form more observables (although not independent of the original ones) out of the 
CP-eigenstates of D° and D° in the final state. 

The paper is arranged as follows. In the next section, we outline the necessary formalism for CPTV in decay, 
vis-a-vis that for the SM as well as CPT conserving NP. We also construct observables that may indicate the 
presence of CPT violation (or any NP in general) . In Section III, we do the same for CPT violation in B® — B a s 
mixing, including the construction of observables that can differentiate CPTV and CPT conserving NP. In Section 
IV, wc summarize and conclude. 



II. CPT VIOLATION IN DECAY 
A. B° - B° s mixing and B s -> DfK T in the SM 



The B® — B® mixing is controlled by the off-diagonal term H12 = M\ 2 — (i/2)Ti2 of the 2x2 Hamiltonian 
matrix, with the mass difference between two mass eigenstates Bh and Bi given by (in the limit |ri2| <C IA/12I) 

AM S = M sH - M sL a 2\M 12 \ , (4) 

and the width difference by 

Ar s = r sL -r sff «2|r 12 |cos0 s , (5) 

where (f> s = arg(— Afi 2 /ri 2 ). CPT conservation ensures Hu = H 22 . 
The eigenstates are defined as 

\B H(L) )=p\B 3 ) + (-)q\B s ), (6) 

where \p\ 2 + \q\ 2 = 1 is the normalization, and one defines 

a = q/p = exp(-2ft) (7) 

where 2/3 s is the mixing phase of the B® — B® box diagram. 

For the single- amplitude decays B s — > DfK T , the amplitudes are of the form 

A(B° S -> D+K~) = T ie ^ , A{B° S -> D~ K+) = T 2 , 

A(B° S -> D+K-) = T 2 , A(B~o ^ D - K+) = ( (8) 

where T\ and T 2 are real amplitudes times the strong phase, which we parametrize as 

argf^)=A, (9) 



and 7 = arg(— V u dV* b /V c dV* b ), so that to a very good approximation, V u b ~ | V u b\ exp(— ij). The quantity 
£ f = ctAf/Af, where A f = A(B Q S -> D+K~) and A f = A(B° S -> D+K~), carries a weak phase of -(2/3 s + 7). 
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Let us define, following [15| . 

(Bt(B s - 
(Bt(B a - 



D+K-)) = Br(B° s 
D-K+)) = Bv(B° s 



D+K-) 
D-K+) 



Bv(B° s 
Bv(B° s 



D+K-) 



(10) 



so that these untagged rates are the same in the SM, even though a future measurement of the time-dependent 
branching fractions at the LHCb may show nonzero CP violation. 



B. CPT violation in B 3 decay 



In order to take into account CPTV in decay, we parametrize various transition amplitudes for the decay 
B s DfK^ as @,[27| 

A(B° S -+ D+K-) = T x e* (1 - y f ) , A(B° S -+ D;K+) = T 2 (l + yf) , 

A(B° S -> D+K-) = T 2 (1 - y f ) , A(B° DJK+) = (l + y}) , (11) 

where CPT violation (in decay) is parametrized by the complex parameter yf, and yf is real if T is conserved. 
The CPT violation is proportional to the difference A(B° S -> D+R-)* - A{B° S -> DjK + ) or A(B° S -> DfK~)* - 
A(B° S D-K+). 

We define the complete set of four relevant amplitudes, with |/) = \D+K~) and |/) = \D~K + ), 

A f = {f\H\B° s ), A f -={f\H\B° s ), 

A f = (f\H\B° s ), Af = (f\H\B° s ), (12) 

so that the ratios 

if = aAf/A f , £f=aAf/Af, (13) 

are independent of yf, the CPTV effect in the decays cancels in the ratio. We also have = 1/|£/| and 
arg(£/(/)) = -(2j8« + 7 + (-)A) where A is defined in eq. ©. 
From Eq. (| 1 1 1) we get 

\A(B° s ^DtK-)\ 2 + \A(B° s ^DtK-)\ 2 = (\T^ + |T 2 | 2 ) |1 - y f \ 2 , 

\A{B^D-K+)\ 2 + \A{B^D-K+)\ 2 = (\T,\ 2 + |T 2 | 2 ) |l + y}\ 2 . (14) 
Thus we can define an asymmetry 

A-r = {BI(BS ± D j K ~ ]) - {MBS -* D ° K+)) = -2^4 « -2Re(y f ), for \y f \ 2 « 1 (15) 

We have already seen that this asymmetry is zero in the SM. Using Eq. (fTS"]) . the real part of the CPTV parameter 
yf can be directly probed from the difference of the untagged rates Bv(B s -> D+K~) and Br(S s -> D~K + ). 

Let us compare this to a case where there is no CPT violation, but some CPT conserving NP is present 
which contributes to either b — > ucs or b — > cus transitions, or maybe both. If this NP leads to observable CP 
violating effects, we can write the various amplitudes for the B s — > DfK T decays as 



A(B° S -> D+K~) = T ie ' n (l + a e^-^j , A(B° S -> D~K+) = T 2 [l + a' e l 

A(B a s -> £>+i^-) = T 2 (l + a' e-^'-^')) , -> ^7^+) = (l + a e^C-v-")) . (16) 



The amplitudes, obviously, are related by CP conjugation. The NP is parametrized by the (relative) amplitudes 
a, a! , the new weak phases 9, 6' , and the new strong phase differences a, a' . Therefore, the asymmetry defined 
in Eq. [15] is given by 

a np = _ 2 a \Ti\ 2 sin(6> - 7) sin a + a! \T 2 | 2 sin 9' sin a' 

br |Ti| 2 (l + a 2 + 2acos(6l-7)cosf7) + |T 2 | 2 (l + a' 2 + 2a'cos6l'cosCT')' 
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Hence, a nonzero value of Aj, r could be due to either CPTV or CPT conserving NP (which, perhaps, is flavor- 
dependent, and definitely not of the minimal flavor violation type). As both the decays are color-allowed, one 
can even invoke the color-transparency argument 28j to claim that all strong phases are small; but CPTV effects 
are not expected to be large either. 

Eq. (IT5|) is in general true for all decays which are either (i) single-amplitude in the SM, be it tree or penguin, or 
(ii) mult i- amplitude in the SM but with one amplitude highly dominant over the others. Single- amplitude decays 
are preferred simply because any nonzero asymmetry as in Eqs. (|15p or (|f 7p can be unambiguously correlated 
with NP. The same observable A^ r PT can be defined for charged B decays, or even D and K decays. However, in 
all cases, CPT conserving (but necessarily CP violating) NP can always mimic the asymmetry, unless there are 
strong motivations for the corresponding amplitudes to be highly subdominant, or the strong phase difference 
between the two amplitudes to be zero or vanishingly small. 

On the other hand, if there is CPT violation in mixing too, this formalism does not hold, because the 
definition of the mass eigenstates also contains CPT violating parameters (see later). In that case, we suggest 
using single-amplitude charged B meson decay modes, like B + — > D°K + and B + — > D°K + . 

If there is no other CPT conserving NP, but the B° s — B® mixing matrix has CPTV built in, the asymmetry 
is still nonzero, as the individual branching fractions are functions of the CPTV parameter 5 (see below) in the 



mixing matrix 12J. 



III. CPT VIOLATION IN MIXING 



This subsection closely follows the formulation developed in [l2| . but let us quote some relevant expressions 
for completeness. CPT violation in the Hamiltonian matrix is introduced through the complex parameter 5: 

H22 — Hn 



V H12H21 



so that the Hamiltonian matrix looks like 

M - Re(d') 



n = 

where 6' is defined by 



M 



12 



M 12 
M + Re(S') 



26' 



r 



- 2Im(<5') 
1 12 



Tj3 

T - 2Im(<5') 



V H12H21 



(18) 



(19) 



(20) 



One could even relax the assumption of H21 = H^ 2 . 
First, the effect of expressing H 12 = h 12 + S, H 2 i = h\ 2 — 



However, there are two points that one must note. 
5 appears as o 2 in y/Hi2~H2i, the relevant expression 



in Eq. (|I8[) , and can be neglected if we assume 6 to be small. The second point, which is more important, 
is that CPT conservation constrains only the diagonal elements and puts no constraint whatsoever on the off- 
diagonal elements. It has been shown in that Hyi 7^ #21 leads to T violation, and only Hn 7^ H22 leads to 
unambiguous CPT violation. Thus, we will focus on the parametrization used in Eqs. (fTS)) and (|19p to discuss 
the effects of CPT violation. 



In the review on CPT violation in the authors have used a formalism which is close to ours. While their 
treatment is for the K$-Kl pair, this can be generalized to any neutral meson system. The mass eigenstates are 
defined as 

' [(l + e siL) )\K ) + (l-e s{L) )\K )] 



\Ks{K L )) 



where 



e S(L) 



v/2[T+ 

«Im(Mi 2 ) 



(21) 



ilm(r 12 ) T 5 [M : 
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M 



22 



r(r n -r 



22 j 



M L -M s +i(T s -T L )/2 



e±6. 



(22) 



G 



Note that 6 and S are not the same, but related; both parametrize CPT violation. On the other hand, £s(L) 
is not truely a CPT conserving quantity, as the expression contains the mass and width differences of the two 
eigenstates, and both depend on the CPT violating parameter 6 that we have used here. 

The Belle collaboration 



14] recently put stringent limits on the real and imaginary parts of 6, 
Re(6 d ) = (-3.8 ± 9.9) x 1(T 2 , lm(5 d ) = (1.14 ± 0.93) x 1(T 2 , 



(23) 



where we have added the errors in quadrature, and used the straightforward translation valid for small 5, viz., 
5 = — 2z (the subscript emphasizes that these results are for the B& system). The CPT violating parameter z is 
defined as 



\B L(H) ) = pVl - (+)z\B°) + (- Wl + (-)z\B°) . (24) 

We can see that within the error bars data are consistent with no CPTV case i.e Re(<y = lm(5d) = 0. However, 
more precise measurements are important and essential. In any case it is safe to assume \S\ <C 1, even for the B s 
system. In AM S and AT S the CPT-violating effects arc quadratic in 6 and hence negligible. 

We can write 

: Pl \B° s ) + qi \B° s ) , \B L ) = p 2 \B° s ) q 2 \B° s ) . 



\B 



H 



(25) 



with the normalization conditions \pi\ + \<li\ — + \Q2f = 1j so that with CPT violation, p\ ^ p 2 and 
qi =/= q 2 . The time evolutions of Bh and Bl are controlled by Ai = mi — iT i/2 and X 2 = m 2 — iT 2 /2 respectively. 
We also use 



AM S =m 1 -m 2 , AT S = T 2 -T 1 . 



Let us define, 



1 



pi 



a : 



V-2 



<12 
P2 



a : 



(26) 



(27) 



where a = \J H 2 \/ H\ 2 . For \8\ <C 1, we can approximate y with unity 
The time-dependent flavor eigenstates are given by 

|B°(t)) = h + {t)\B° s 



where 



\B°(t)) 

h-(t) = 
h+(t) = 
h+(t) = 



h-(t) 



B 



Vih-(t)\B°s 
h+(t)\B° s ), 



(28) 



1 



(1 + w) 
1 

1 

+ 



3 — iXit 



—i\\t 



— i\ 2 t\ 



i\2t\ 



— i\2t\ 



and we refer the reader to [12j for detailed expressions. Note that in the absence of CPTV, T]i 
hence h+(t) = h+(t). In the limit \S\ < 1, u w 1 + 8. 



(29) 

rj 2 , lo — 1, and 



With our convention of |/) = \DfK ) and l£ 
B® and B° s , the time dependent decay rates are [1J 



= \D S K + ), where both the states are directly accessible to 



r(5?(t)->/) = [|/, + ( £ )| 2 + |Ox I 2 |^-(t)| 2 + 2Re \A f \\ 



T(B Q s (t)^f) = [|M*)| 2 + l£/J 2 |M0| 2 +2Re(O 2 M^*-W)] 



At 



T(B° s (t)^f) = [\h + (t)\ 2 + \e f f\h.(t)\ 2 + 2Re (e fl h_(t)h%(t))] \A f -\\ 



T(B° s (t)^f) = [|M*)| 2 + l&| 2 |M*)| 2 +2Re(4M^-(*))] 



A, 2 



V2 



(30) 
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where, 



Dropping terms C((5 2 ) or higher, we get the following expressions for the tagged and untagged time-dependent 
decay rates: 

T(B° s (t) -> /) - r(flj(t) -> /) = [A sinh(Ar s t/2) + Q x cosh(Ar s i/2) 

+i?i cos(AM s t) + Si sm(AM s t)] e- Tat \Af\ 2 , 

T(B° s (t) ->•/) + r(Bj(t) -)•/) = [P 2 sinh(AIV/2) + Q 2 cosh(AT a i/2) 

+P 2 cos(AM s £) + S , 2 sin(AM s t)]e- rs *|A / | 2 , (32) 



with 



A = -~i?e(<5)(l + l£/| 2 ) 



cos( 7 + 2/3 s + A)Re((5) 



Pi - 1 ~ If/1 + If/1 cos( 7 + 2/3 s + A)Re(<5) , 

5! = 2 sin( 7 + 2/3, + A) - ~ Im(<5) (l + |^| 2 ) , 

P 2 = 2 |^| cos( 7 + 2/3 s + A) — i Re(<5) (l - |^| 2 ) , 

Q 2 = 1 + lOf-lC/l sin( 7 + 2/3 s + A)Im(^) , 
R 2 = sin( 7 + 2/3, + A)/m(<S) , 

^2 = -ilm(5)(l-|e/| 2 ) . (33) 

It is clear from Eq. (|33l) that CPT violating effects in decay will not affect the determination of these 8 coefficients. 
Whatever the effects are, they will be lumped in the overall normalization \Af\ 2 and will not appear in the 
coefficients of the trigonometric and hyperbolic functions. 

All the 8 coefficients can theoretically be extracted from a fit to the time-dependent decay rates, but 
admittedly the coefficients of the hyperbolic functions are harder to extract and need more statistics. Note 
that whether or not any CPT-conserving NP is present, absence of CPT violation definitely means 5 — 0, so 
Pi = Qi = R2 = 5*2 = 0. If any of these four observables are found to be nonzero, that is a sure signal of CPT 
violation. (While Pi and S2 depend only on <5, Qi and R2 also have an implicit dependence on the B® — B® 
mixing phase 2/3 s , which might depend on CPT conserving NP effects.) Therefore, if CPT is conserved, the 
tagged measurements are sensitive only to the trigonometric functions, and the untagged measurements only to 
the hyperbolic functions, but we urge our experimental colleagues to perform a complete fit. 

If at least Pi or 5*2 be nonzero (maybe with nonzero Qi and P2), one gets 

90 op 

^-WTol- R<w = -ftTo? (34) 

which is theoretically clean, i.e. free from hadronic uncertainties. The overall normalization can be extracted 
from the CP averaged branching fractions. 

Even if the experiment is not sensitive enough to extract unambiguously nonzero values of Pi, Qi, P2, or 5*2, 
one can still find signals of CPTV, from the fact that P2, Q2, Ri, and Si contain CPTV terms over and above 



CPT conserving but CP violating terms. For example, one can extract the following analogous quantities from 
the tagged and untagged B s — »• / decays: 

P 2 = 2 IC/I cos( 7 + 2f3 s - A) + i Re(S) (l - |0| 2 ) , 
Q2 = 1 + 101* - If/ 1 sin( 7 + 2/3 s - A)Im(5) , 
5i = -1 + |C/| 2 + 101 cos( 7 + 2& - A)Re(<5) , 

S a = 2 1^1 sin( 7 + 2f3 s - A) - i Im(«5) (l + |0f) • (35) 

It is easy to derive Eq. (|55|) from Eq. First, note that the relevant expressions contain \Aj\ and 0"- Eq. 

(pJ5"j) follows when one substitutes = 1/10 1 anc ^ l^/| 2 /l£/l 2 = l^/l 2 - However, the strong phase changes sign 
because of the definitions of an d £/■ 

Therefore, from Eqs. (|33f and (l35l we can define observables which are only sensitive to the CPTV effect 
independent of any other NP effects in mixing, 

Ri+jh _ MS) Q2-Q2 Im(S) 

P2 + P2 2 ' Si -Si 2 ' [M) 

From Eq. (1361) we note that it is possible to probe the CPTV parameter 6 even in the presence of any other generic 
NP in mixing or decays (which modifies 2/3 s ); the NP effects in mixing are cancelled in the ratio. In addition we 
note that the strong phase is also exactly cancelled in the ratio, hence the measurement of S is free from hadronic 
uncertainties. 

We reiterate that even if CPTV is present in decay, the conclusion that a nonzero value of any one of the four 
observables Pi, Qi, R2, or S2 indicates CPTV in mixing remains valid. Consider the expressions for the tagged 
and untagged decay rates, Eq. (1321) . With enough satistics, one gets the coefficients of the trigonometric and the 
hyperbolic functions, as well as the overall normalization |A/| 2 . If CPTV is present in decay, the expression for 
I Af 1 2 will change and be a function of y/, but the eight coefficients of Eq. (|32|) will remain the same. 

The same method is applicable to decays like B s — > Dq4>, with b — > cus and b — > ucs transitions. 



IV. SUMMARY AND CONCLUSIONS 



While the effects of CPT violation are severely constrained for systems with first and/or second generation 
fermions, the B systems, in particular B s , are relatively less constrained. This opens up the possibility of 
a CPT violating action that is flavor-dependent. As a typical example of the effects of CPT violation, we 
consider the decays B®, B® — > DfK T . These decays are excellent probes of any NP; in the SM, they are single- 
amplitude processes, and both B® — > DfK~ and B® —> D~ K + amplitudes are of the same order in Wolfenstein 
parametrization. Thus, the number of events for both DfK~ and Dj K + , summing over parents B® and B®, 
should be the same in the SM. We show how this asymmetry becomes nonzero if there is CPT violation in the 
decay. 

At the same time, we see that if there is some NP that conserves CPT but comes with different strong and 
weak phases from the corresponding SM amplitude, the asymmetry is again nonzero. So, while this asymmetry 
serves as an excellent indicator of any NP, it might be either CPT conserving (but necessarily CP violating) or 
CPT violating, and further checks are necessary. 

The situation is far better if there is CPT violation in mixing. The best way to put CPTV in mixing is 
to make the diagonal terms of the 2x2 mixing Hamiltonian unequal. With this, the CPTV parameter enters 
the definition of the mass eigenstates, and through that, to various time-dependent decay rates. With sufficient 
statistics, one can extract the coefficients of the trigonometric and hyperbolic terms of both tagged and untagged 
time-dependent rates. We find that there are four coefficients which are zero not only in the SM but also any 
extension with CPT conservation, so any nonzero value for any of them is a definite indication for CPT violation. 



There are several ways to extract these coefficients, and LHCb should have enough statistics to be able to measure 
them with sufficient precision. The argument goes through even if CPTV is present in both decay and mixing; 
this is because different sets of observables are extracted for the two different cases. 

Acknowledgements 

AK was supported by CSIR, Government of India, and also by the DRS programme of the UGC, Government 
of India. The work of AS was supported in part by the US DOE contract no. DE-AC02-98CH10886 (BNL). We 
acknowledge helpful discussions with Tim Gershon and Tomasz Skwarnicki. 



[1] J. Beringer et al. [Particle Data Group Collaboration], Phys. Rev. D 86, 010001 (2012). 

[2] V. A. Kostelecky and N. Russell, Rev. Mod. Phys. 83, 11 (2011) [arXiv:0801.0287l [hep-ph]]. 

[3] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 106, 152001 (2011) [arXiv: 1103.27821 [hep-ex]]. 

[4] V. M. Abazov et al. [DO Collaboration], Phys. Rev. D 84, 052005 (2011) arXiv:1106.2063l [hep-ex]]; Talk by V. 

Chiochia, in Flavour Physics and CP Violation, Hefei, China, May 2012. 
[5] S. Nussinov. larXiv:0907.3088l [hep-ph] . 

[6] M. Kobayashi and A. I. Sanda, Phys. Rev. Lett. 69, 3139 (1992). 

[7] V. A. Kostelecky and R. Potting, Phys. Lett. B 381, 89 (1996) [hep-th/9 605088; . 

[8] M. Chaichian, A. D. Dolgov, V. A. Novikov and A. Tureanu, Phys. Lett. B 699, 177 (2011) |arXiv: 1103.01681 [hep-th]] . 

[9] D. Choudhury, A. Datta and A. Kundu, larXiv:1007.2923l [hep-ph]; M. Chaichian, K. Fujikawa and A. Tureanu, 
larXiv:1203.0267l [hep-th] ; C. Giunti and M. Laveder, J. Phys. Conf. Ser. 335, 012054 (2011); A. De Santis [KLOE and 
KLOE-2 Collaboration], J. Phys. Conf. Ser. 335, 012058 (2011); J. -Q. Xia, JCAP 1201, 046 (2012) [arXiv: 1201.44571 
[astro- ph.CO]]; P. Adamson et al. [The MINOS Collaboration], Phys. Rev. D 85, 031101 (2012) |arXiv:1201.263Tl 
[hep-ex]] . 

[10] L. Lavoura, Annals Phys. 207, 428 (1991). 

[11] A. Datta, E. A. Paschos and L. P. Singh, Phys. Lett. B 548, 146 (2002) |hep-ph/0209090| ; K. R. S. Balaji, W. Horn 
and E. A. Paschos, Phys. Rev. D 68, 076004 (2003) [hep-ph/0304008] ; Z. -Z. Xing, Phys. Rev. D 50, 2957 (1994) 
[hep-ph/9407289| |hep-ph/9406 293 ; Z. -z. Xing, Phys. Lett. B 450, 202 (1999) |hep-ph/9810249j ; P. Ren and Z. - 
z. Xing, Phys. Rev. D 76, 116001 (2007). |hep-ph/0703"249] . 

[12] A. Kundu, S. Nandi and S. K. Patra, Phys. Rev. D 81, 076010 (2010) |arXiv:1002.lT34l [hep-ph]]. 

[13] B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 100, 131802 (2008) |arXiv:0711.'2713l [hep-ex]]. 

[14] T. Higuchi et al, Phys. Rev. D 85, 071105 (2012) [arXiv: 1203.09301 [hep-ex]]. 

[15] R. Fleischer, Nucl. Phys. B 671, 459 (2003) [hep-ph/0304027] . 

[16] S. Nandi and U. Nierste, Phys. Rev. D 77, 054010 (2008) |arXiv:0801.0l43l [hep-ph]] . 
[17] S. Nandi and D. London, Phys. Rev. D 85, 114015 (2012) [arXiv:1108.5769l [hep-ph]]. 
[18] K. De Bruyn, R. Fleischer, R. Knegjens, M. Merk, M. Schiller and N. Tuning. larXiv:1208.6463l [hep-ph], 
[19] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 103, 191802 (2009) |arXiv:0809.0080l [hep-ex]] . 
[20] R. Louvot et al. [Belle Collaboration], Phys. Rev. Lett. 102, 021801 (2009) |arXiv:0809.2526l [hep-ex]]. 
[21] R. Aaij et al. [LHCb Collaboration], JHEP 1206, 115 (2012) [arXiv: 1204.12371 [hep-ex]]. 
[22] C. W. Bauer and N. D. Dunn, Phys. Lett. B 696, 362 (2011) arXiv: 1006. 16291 [hep-ph] ] . 
[23] C. -K. Chua, W. -S. Hou and C. -H. Shen, Phys. Rev. D 84, 074037 (2011) [arXiv: 1107.43251 [hep-ph]]. 
[24] P. Clarke, talk at 47th Rencontres de Moriond, La Thuile, Italy, March 2012, LHCb-TALK-2012-029. 
[25] A. Lenz and U. Nierste, JHEP 0706, 072 (2007) [hep-ph/0612167] ; and latest updates at A. Lenz. larXiv:1205.1444l 
[hep-ph]. 

[26] N. W. Tanner and R. H. Dalitz, Annals Phys. 171, 463 (1986). 

[27] V. A. Kostelecky and R. J. Van Kooten, Phys. Rev. D 54, 5585 (1996) [hep-ph/9607449] . 
[28] J. D. Bjorken, Nucl. Phys. Proc. Suppl. 11, 325 (1989). 



